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Abstract
Coastal marine seagrass ecosystems are important nursery grounds for commercially and recreationally important
species, and they serve as key settlement and recruitment sites for other species. We investigated several years (2001–
2003) where episodic settlement events of blue mussels (Mytilus edulis) occurred in Barnegat Bay, NJ, USA. Population
assessment indicated that blue mussels settled in eelgrass beds (Zostera marina) in late spring with peak densities
exceeding 170,000 m 2. Based on calculated filtration rates of M. edulis, we determined that for at least 53 days in 2001,
the density and size distribution of M. edulis were sufficient to filter the water column volume in excess of twice a day,
with maximum calculated filtration rates exceeding 8 m3 water m 2 day 1. While the settlement event in 2001 was very
localized, in 2003, the settlement event was considerably more widespread throughout the bay, with maximum settling
densities exceeding 175,000 individuals m 2. Associated with these high densities, maximum calculated filtration rates
exceeded 15 m3 water m 2 day 1. This filtration potential may have impeded the localized development of a brown-tide
(Aureococcus anophagefferens) bloom in 2001, which occurred in other regions of the bay, but the widespread settlement
event seen in 2003 may have impeded the development of any brown-tide blooms in Barnegat Bay during that summer.
The decline in mussel densities throughout the summer may be a result of elevated water temperatures in this back bay,
but at one site, the high settlement of M. edulis was followed by a substantial migration (N40 individuals m 2) of small
sea stars (Asterias forbesii). In 2001, A. forbesii was a significant factor in reducing M. edulis density by the end of the
summer at the Barnegat Inlet site and a community level assessment showed significant positive correlations between
mussel aggregations and sea star densities (r=0.68–0.73, Pb0.001). At this same site in 2003, the sea stars were again
present in high densities (26 m 2) and were a potential mechanism for mussel decline. In other regions of the bay, sea star
densities are very low, but numerous other predatory species exist, including blue crabs (Callinectes sapidus), green crabs
(Carcinus maenus), spider crabs (Libinia spp.), and several Xanthid crabs. Given the high mussel densities seen in this
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study and the considerable predation by sea stars and other benthic predators, the benthic–pelagic coupling which these
mussels provide in this system contributes to the high secondary production in these grass beds.
D 2004 Elsevier B.V. All rights reserved.
Keywords: Asterias forbesii; Benthic–pelagic coupling; Blue mussel; Eelgrass; Mytilus edulis; Zostera marina

1. Introduction
The blue mussel, Mytilus edulis, is a widely
distributed boreo-temperate species occurring in the
Arctic, North Pacific, and North Atlantic Oceans
(Seed, 1976). It is a semisessile epibenthic bivalve
often attached to hard substrata via byssal threads
(Newell, 1989). While M. edulis is most frequently
associated with hard substrata as adults it will utilize
Zostera marina as a primary recruitment site and
secondarily recruit to hard substrates (Bayne, 1964;
Newell et al., 1991). Additionally, M. edulis can form
dense aggregations in sedimentary habitats where the
byssal connection among mussels creates a stable
habitat (Committo, 1987).
A typical pattern of M. edulis recruitment includes
mass settlement to a primary settlement site with
secondary recruitment to preferred adult habitat
(Bayne, 1964). While predation on these individuals
is highest during the 3-week planktonic larval stage
(Newell, 1989), predation during the early settlement
phase may dictate generalized adult population
structure. Predation pressure by asterids has been
shown to be a driving factor in the distribution of
adult Mytilus and overall community structure (Paine,
1966). Additional mortality of adult blue mussels may
depend on site-specific environmental factors, such as
storms, salinity, and temperature (Seed, 1976).
Research on M. edulis has focused on the ecology
of these individuals within a hard substrate community, but M. edulis may play an important ecological
link between pelagic and benthic systems in soft
substrates (e.g., seagrasses) as well. Valentine and
Heck (1993) demonstrated that mussels (Modiolus
americanus) increased secondary production in a
seagrass system, presumably through increased structural complexity as well as increased benthic–pelagic
coupling. Additionally, Peterson and Heck (1999)
showed that mussels positively influenced the growth
of seagrass. It could be surmised that similar results

may occur for M. edulis in Z. marina communities.
The goal of this research was to assess the distribution
and abundance of settling M. edulis within an eelgrass
(Z. marina) system and their potential link between
pelagic phytoplankton and benthic predators. Specifically, we investigated the temporal settling densities
of M. edulis, their spatial distribution within Z.
marina beds, calculated the potential benthic–pelagic
coupling in the system, and the spatial and temporal
distribution of a major predator (Asterias forbesii).

2. Study site
Research was conducted in Barnegat Bay, NJ,
U.S.A. (39847.70VN, 74808.10VW; Fig. 1), which is
located in the central portion of the Mid-Atlantic
Bight. Barnegat Bay is a polyhaline estuary protected
by a barrier island to the east. It is a relatively shallow
bay (average depth at mean low water 1.7 m; Durrand,
1984) with seasonal water temperatures ranging from
2 to 28 8C (Able et al., 1992). Water quality data
collected on the site showed that temperature ranged
between 19.6 and 26.7 8C; while salinity remained
fairly stable (26.4–32x). Primary research sites
included Barnegat Inlet, Shelter Island, and Marsh
Elder Islands in 2001–2003 (Fig. 1). Additionally,
samples were collected throughout the bay in 2003 to
characterize the spatial extent of the settlement event
during that year.

3. Material and methods
3.1. M. edulis population assessment
Assessment of M. edulis was assessed by collections of benthic cores in Z. marina beds in 2001
through 2003 (n=3 cores/site/sampling date) at
Barnegat Inlet, Shelter Island, and Marsh Elder
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Fig. 1. Study region: the three primary study sites are identified by name. The asterisks identify the eight supplemental collection sites from the
2003 Bay-Wide Survey.

Islands (Fig. 1). The coring device [15.24-cm diameter (0.01824 m2)] was pushed into the substrate to a
depth of 25 cm, capped, and removed from the
sediment. Samples were processed in the field by
separating plant material from the core. Faunal
portions of the core were preserved in 95% ethanol
and stained with Rose Bengal. Samples were separated into general size classes following the protocol
of Bologna and Heck (2002). Specifically, samples
were separated through a sieve series into 4-, 2-, 1-,
and 0.71-mm fractions. Samples containing large
numbers of M. edulis (N1000/core) were split to

facilitate enumeration. M. edulis abundance was
enumerated for each size class and summarized to
calculate a total abundance. Since there existed
substantial variation in mussel density among years,
and settlement events for different years are independent of each other, data were initially analyzed as
two-way ANOVA, with date and site as independent
variables and mussel density as the dependant
variable. Prior to analysis, count data were squareroot transformed to eliminate heteroscedacity. However, a significant interaction term was present
between site and date due to the temporal variability
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in mussel density and subsequent elimination from the
system by the end of the sampling periods at all sites
during each year. Subsequently, data collected for
each site were analyzed using a one-way ANOVA,
with date as the independent factor (a=0.05) and M.
edulis density as the dependant variable to determine
temporal changes in population structure. Significant
differences among means were determined using a
Ryan–Einot–Gabriel–Welsch Multiple Range Test.
3.2. Benthic–pelagic coupling
To assess the potential benthic–pelagic community
linkages by mussel set, we calculated the filtration rate
of M. edulis. M. edulis were separated into size
fractions N4, 2–4, 1–2, and 0.71–1 mm. Based on the
size frequency distribution of these size classes in
samples, we applied the equations of Riisgård et al.
(1980) to calculate the rate of filtrations for each size
class:
Weight (g)=18.8[length (mm)2.6]
Filtration rate (ml h 1 ind. 1)=0.025[weight
(g) 1.03]
Size class calculations were based on retaining
sieve size (i.e., 4, 2, 1, 0.71 mm, respectively) and are
expressed as:
4 mm=21.02 ml h 1 ind. 1
2 mm=3.28 ml h 1 ind. 1
1 mm=0.51 ml h 1 ind. 1
0.71 mm=0.21 ml h 1 ind.

1

Since M. edulis retention on sieves is conservative
(i.e., larger shell length retained on sieves of smaller
size), our initial calculations of weight were conservative. Additionally, larger M. edulis (5–20 mm
shell length) were grouped as a whole within the 4mm size class, since we did not differentiate these
larger individuals. Based on this size stratification, a
conservative estimate of filtration rates was obtained.
These rates of filtration for size classes were then used
to calculate a filtration rate for each date based on the
size distribution of M. edulis for each sample and
standardized for area. Since there was significant
variation among years of collection for M. edulis
abundance and annual settlement among years is

independent, filtration was initially analyzed as a twoway ANOVA, with site and date as independent
variables and filtration rate as the dependant variable
(a=0.05). These analyses showed significant interactions between site and date due to the inherent
variability in settling density and the fact that density
was reduced to zero by the end of the summer for all
sites. Consequently, we calculated a post hoc
ANCOVA with date as the covariate to assess differences among sites and a one-way ANOVA for each
site to determine within site differences in filtration
rates among dates of collection (a=0.05). Significant
differences among means were determined using a
Ryan–Einot–Gabriel–Welsch Multiple Range Test.
3.3. Sea star and community assessment
During the high settlement events in 2001 and
2003, high densities of sea stars (A. forbesii) migrated
into the Barnegat Inlet Site (Fig. 1). After this
migration event, we assessed the density of A.
forbesii, using 0.25 m2 quadrat samples in 2001 and
then again in 2003. Due to the lack of mussel
settlement and subsequent nonappearance of sea stars
in 2002, data were not collected that year. Within each
haphazardly placed quadrat, the number of A. forbesii
was counted and an assessment of the percent cover of
M. edulis and Z. marina was recorded. For sampling
years in which A. forbesii were present (2001 and
2003), a correlation among collected data was
conducted (SASR, 1999–2001) to determine if
relationships existed among Z. marina coverage, M.
edulis cover, and A. forbesii abundance. These
analyses were only conducted for the Barnegat Inlet
site, as sea stars were not present at the other two
study sites. Additionally, samples of A. forbesii were
collected on June 29, July 13, 23, August 7, and
September 28, 2001 and May 29, June 23, July 25,
August 14, 2003 to determine the population size
frequency (n=51 to 151). Each A. forbesii was
measured for radial arm length to the nearest 0.05
mm. Size distributions (i.e., starfish size) were then
compared among dates of collection using one-way
ANOVA, with date as the independent factor
(a=0.05). Significant differences among means were
determined using a Ryan–Einot–Gabriel–Welsch Multiple Range Test. This analysis was not conducted in
2002, as no A. forbesii were encountered.
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3.4. Bay-Wide Survey
During June 2003, in addition to the primary site
investigations (above), a bay-wide assessment was
conducted to determine the relative extent of the
settlement event within the bay. A total of 11 sites, 3
primary study sites, and 8 supplementary sites (Fig.
1), was sampled using the coring methodology
described above. M. edulis samples were separated
through a sieve series into 4-, 2-, 1-, and 0.71-mm
fractions. Abundance was enumerated for each size
class and summarized to calculate a total size class
abundance. In addition, the density and size distribution data collected were used to calculate a
filtration potential within the bay. These data were
then analyzed using a one-way ANOVA, with site as
the independent variable and filtration rate as the
dependant variable in the model. Significant differences among means were determined using a Ryan–
Einot–Gabriel–Welsch Multiple Range Test. Besides
the core samples, water samples were collected to
assess chlorophyll a concentration. Specifically,
replicate water samples were collected at 10 of the
sites (Ham Island was not sampled; Fig. 1) and
analyzed for chlorophyll a using an Aquafluork
meter. The mean chlorophyll a concentration data for
each site was then regressed against the mean
calculated filtration rate for each site (SASR,
1999–2001) using log transformed values to normalize the data and account for the exponential decline
in concentration.

4. Results
4.1. M. edulis population assessment
During this study, large settlement events for M.
edulis were recorded in 2001 and 2003, while only a
minor settlement event was recorded in 2002 (Fig.
2). Recorded settlement maximums occurred on June
4, 2001, May 29 2002, and May 22, 2003, but at
different sites. Analysis of Co-Variance results
showed that significant differences existed among
sites in 2001 ( F 2,68=50.9, Pb0.0001) with Barnegat
InletNShelter Island=Marsh Elder. Similar results
occurred in 2002 ( F 2,37=4.8, Pb0.01) with Barnegat
Inlet=Shelter IslandNMarsh Elder, but surprisingly,
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no significant differences occurred among sites in
2003 ( F 2,41=0.66, PN0.5), potentially the result of
the extensive settlement within the bay seen in this
year (see Fig. 2). For Barnegat Inlet (Fig. 2a), initial
pulses on settling individuals were seen in 2001 and
2003 with a minor presence seen in 2002. After peak
settlement in 2001, a significant decline in abundance occurred during the summer ( F 7,16=90.9,
Pb0.0001) until they were eliminated from the
system by September (Fig. 2a). In 2002, despite
the two order of magnitude difference in settlement
density compared to 2001, significant postsettlement
reductions in density were recorded ( F 4,9=5.9,
Pb0.013) until July, when they were no longer
present in samples. This pattern was seen again in
2003, with significant declines in abundance after the
initial high settlement events ( F 4 , 1 0 =54.7,
Pb0.0001). Similar results existed for Shelter Island
(Fig. 2b) in regards to significant postsettlement
declines in abundance throughout the summer (2001,
F 7,16=3.7, Pb0.014; 2002, F 4,10=54.5, Pb0.0001;
2003, F 4,10=166.7, Pb0.0001), as well as for Marsh
Elder for 2001 and 2003, but not 2002 (Fig. 2c;
2001, F 7,17=15.9, Pb0.0001; 2002, F 4,10=1, PN0.45;
2003, F 4,10=12.5, Pb0.007). Regardless of year or
site, M. edulis abundance was always reduced to
zero by the end of the summer (Fig. 2).
4.2. Benthic–pelagic coupling
Filtration rates varied among sites and dates of
collection (Fig. 3). Analysis of Co-Variance showed
that filtration rates varied significantly among sites
for 2001 ( F 2,68=47.3, Pb0.0001) with Barnegat
InletN Shelter IslandNMarsh Elder. In 2002, filtration
rates were substantially lower, but results showed
significant differences among sites ( F 2,40=3.2,
Pb0.05) with Shelter Island=Barnegat InletNMarsh
Elder. Results from 2003, however, showed no
significant differences in filtration among sites
( F 2, 41=2.6, PN0.08), potentially due to the extensive
bay-wide settlement event. In regards to individual
sites, Barnegat Inlet showed greatest filtration potential on May 22, 2001 and exceeded 8000 l m 2
day 1 (Fig. 3a). Subsequently, filtration declined
significantly throughout the summer ( F 7,16=24.1,
Pb0.0001). However, filtration potential remained
above 1500 l m 2 day 1 for approximately 53 days
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Fig. 2. M. edulis density comparisons among dates of collection between 2001 and 2003 (n=3 date) for the three primary study sites. Density
expressed as number of M. edulis m 2F1 S.E. (a) Barnegat Inlet; (b) Shelter Island; (c) Marsh Elder.

(Fig. 3a). Since the maximum depth at this site was
1.5 m, this means that M. edulis had the potential to
turn over the water column above them at least once
per day. In 2002, no difference was seen in filtration
rates ( F 4,9=1.17, PN0.38) due to low settlement of
M. edulis at this site (see Fig. 2a). In 2003, high
recruitment led to high filtration potentials which
exceeded 15,000 l m 2 day 1 (Fig. 3a) and was

significantly greater at this peak than on other dates
of collection ( F 4,10=7.5, Pb0.005). Generalized
results differed for Shelter Island (Fig. 3b). Filtration
for all years was greatest during the initial sampling
event and then declined significantly throughout the
summer (2001, F 7 , 1 6 =3.7, P b0.014; 2002,
F 4 , 1 0 = 2 2 . 6 , P b0 . 0 0 0 1 ; 2 0 0 3 , F 4 , 1 0 = 1 7 . 6 ,
Pb0.0001). In 2001 and 2003, calculated filtration

P.A.X. Bologna et al. / J. Exp. Mar. Biol. Ecol. 316 (2005) 117–131
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Fig. 3. Calculated M. edulis filtration rate comparisons among dates of collection between 2001 and 2003 (n=3 date) for the three primary study
sites. Filtration rates expressed as liters water filtered m 2 day 1+1 S.E. Line drawn at 1500 l m 2 day 1 represents the filtration of 1.5 m3 of
water, the maximum volume of water in the water column above M. edulis. (a) Barnegat Inlet; (b) Shelter Island; (c) Marsh Elder.

rates exceeded 1500 l m 2 day 1, which suggests
that M. edulis possesses the potential to filter the
water column within 1 day for an extended period of
time. For Marsh Elder (Fig. 3c), filtration rates were
always very low (max. 183 l m 2 day 1). Filtrations
rates did differ statistically among dates of collection
for 2001 ( F 7,16=5.6, Pb0.002) and 2003 ( F 4,10=5.6,

Pb0.01), both of which were high settlement years in
this system. In 2002, settlement was low, and
filtration rates did not differ among dates of
collection ( F 4,10=1.0, PN0.45).
Based on the shallow nature of these sites (b2-m
depth at high tide), we estimate that during May
and June, and minimally through early July, M.
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edulis had sufficient filtering capacity to turn over
the water column above the bed in less than 1 day
at Barnegat Inlet and Shelter Island (Fig. 3a and b).
4.3. Sea star and community assessment
Following the M. edulis settlement event in 2001,
large numbers of the sea star, A. forbesii, entered the
Barnegat Inlet community. Since average sea star
radial length was 26.9 mm on June 29, it appears that
these individuals had most likely entered the Z.
marina habitat through the inlet adjacent to the study
region as early juveniles and not as larvae. A. forbesii
size continuously increased through the summer (Fig.
4a), and individuals were significantly larger by the
end of the summer compared to initial size assessment

( F 4,437=55.5, Pb0.0001). Additionally, A. forbesii
density significantly declined during this same time
period ( F 3,176=38.3, Pb0.0001; Fig. 4a). Based on the
collected quadrat data, A. forbesii abundance was
significantly correlated with M. edulis percent cover
for all dates of collection (Table 1). M. edulis
coverage was significantly correlated with Z. marina
coverage for July 13, near peak settlement, but was
not correlated on subsequent dates. This was most
likely the result of heavy predation of M. edulis by A.
forbesii in areas of high mussel density (Table 1).
These results were similar in 2003, with peak
density of A. forbesii in June, but since samples
were collected in May as well (not conducted in
2001), it appears that sea stars were continuing to
migrate into Barnegat Inlet during May and June

Fig. 4. Comparison of A. forbesii density and mean size during dates of collection from 2001 to 2003. (a) A. forbesii densities expressed as
average number of individuals collected from 0.25 m2 quadrats and standardized to number of individuals m 2F1 S.E. (n=30–52); (b) A.
forbesii size expressed as mean radial arm length (mm) from collected individualsF1 S.E. (n=51–151).
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Table 1
Correlation analysis results among the density of Asterias forbesii (Asterias), Zostera marina (Zostera) percent cover, and Mytilus edulis
(Mytilus) percent cover for samples collected in 2001 from Barnegat Inlet
July 13, 2001 N=30

Asterias

Asterias
Zostera
Mytilus

1
0.47**
0.49**

August 7, 2001 N=49
Asterias
Zostera
Mytilus

1
0.27
0.73***

Zostera
1
0.78***

1
0.15

Mytilus

July 23, 2001 N=49

Zostera

Mytilus

1

Asterias
Zostera
Mytilus

Asterias
1
0.13
0.68***

1
0.23

1

1

September 28, 2001 N=52
Asterias
Zostera
Mytilus

1
0.43**
0.33*

1
0.18

1

2

Values in the table represent Pearson’s Correlation Coefficients based on 0.25 m quadrat data from individual dates of collection.
* Pb0.05.
** Pb0.01.
*** Pb0.001.

(Fig. 4b). As before, density declined significantly
throughout the summer ( F 3,118=8.9, Pb0.0001). A.
forbesii size also increased significantly during this
time frame from 14.22-mm radial length to 32.05
mm ( F 3,366=338, Pb0.0001; Fig. 4b). Correlation
analysis for 2003 showed significant relationships
between Z. marina and M. edulis for May and
especially June (Table 2), but not on subsequent
dates. This is a result of the significant reduction/
elimination of M. edulis from this site on these
dates (see Fig. 3a). Z. marina and A. forbesii
abundance was significantly correlated to one
another in June, but this probably relates to the
high densities of M. edulis in the Z. marina beds
during this time (Table 2). Lastly, A. forbesii and

M. edulis abundance showed increasing correlations
in the analysis as the summer progressed, with
significant correlations occurring in June and July
(Table 2), but no correlation existed in August,
since no M. edulis were present in the system at
this time.
4.4. Bay-Wide Survey
After 2001, and during the course of this study, the
episodic nature of these settlement events necessitated
an investigation into the extent and filtration capacity
of these settling M. edulis to assess system-wide
impacts of their presence. Results of the June 2003
survey indicate that density was significantly greater

Table 2
Correlation analysis results among the density of Asterias forbesii (Asterias), Zostera marina (Zostera) percent cover, and Mytilus edulis
(Mytilus) percent cover for samples collected in 2003 from Barnegat Inlet
May 29, 2003 N=22

Asterias

Asterias
Zostera
Mytilus

1
0.07
0.28

July 25, 2003 N=13
Asterias
Zostera
Mytilus

1
0.25
0.86**

Zostera
1
0.41*

1
0.07

Mytilus

June 23, 2003 N=27

Asterias

Zostera

Mytilus

1

Asterias
Zostera
Mytilus

1
0.71**
0.74**

1
0.96**

1

1

August 14, 2003 N=40
Asterias
Zostera
Mytilus

1
0.14
na

1
na

1

2

Values in the table represent Pearson’s Correlation Coefficients based on 0.25 m quadrat data from individual dates of collection. na indicates
that M. edulis was no longer present in samples, and therefore no correlation can exist.
* Pb0.01.
** Pb0.001.
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near the inlets ( F 10,18=38.7, Pb0.0001) and dissipated
further away from these primary inlets in the system
(Fig. 5). These differences in M. edulis density also
resulted in significantly higher filtration potentials
nearer the primary inlets (Fig. 5) with significantly
reduced filtration rates further away ( F 10, 18=15.4,
Pb0.0001). When chlorophyll a concentration was
regressed against mean filtration rate for individual
sites (Fig. 6), a significant negative relationship
existed ( F 1,8=10.1, Pb0.013), suggesting that elevated mussel filtration potential substantially reduced
chlorophyll a concentrations. Additionally, chloro-

phyll a concentrations at all sites were very low and
never exceeded 5 Ag l 1.

5. Discussion
Episodic settlement, recruitment, and survival of
organisms in systems may substantially change the
nature of the community. These events have been
documented for intertidal hard substrates (Petraitis
and Dudgeon, 1999), but large-scale recruitment of
organisms in seagrass systems has been more difficult

Fig. 5. Calculated filtration rates for M. edulis from data collected during the Bay-Wide Survey in June 2003. Values presented are standardized
for area and are given in liters water filtered m 2 day 1.

P.A.X. Bologna et al. / J. Exp. Mar. Biol. Ecol. 316 (2005) 117–131
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Fig. 6. Regression analysis of M. edulis filtration potential versus chlorophyll a concentrations based on data collected from the Bay-Wide
Survey in 2003.

to observe due to differences in plant structural
demographics (e.g., leaf length, width, shoot density,
biomass). Settlement shadows have been demonstrated for bivalves in seagrasses (Bologna and Heck,
2000), but benthic–pelagic coupling in these systems
based on these events has been difficult to determine.
Since bivalves not only filter water, but alter near-bed
hydrodynamics, they influence rates of particle
deposition and biodeposition of feces and pseudofeces
(Norkko et al., 2001). The presence of bivalves in
high densities in sea grass beds has been linked to
increased primary production (Peterson and Heck,
1999) and elevated secondary productivity (Valentine
and Heck, 1993; Bologna and Heck, 2002). Valentine
and Heck (1993) found that the macroinvertebrate
biomass in the mussel-seagrass habitat was nearly
twice that in other habitats within the community.
They hypothesized that the mussels benefit other
macrofauna by increasing food abundance and by
providing a refuge for them, thereby elevating
production.
Since most bivalves are infaunal in seagrass
systems, their absolute density is limited by the
available benthic substrate. However, for mytilids
which may use seagrass blades as primary recruitment sites (Bayne, 1964; Reusch, 1998), the added
aboveground structure from grass blades allows for
increased surface area for settlement. This increased
surface area can lead to the high densities repeatedly

seen in this study (Fig. 2). While settlement was
evident at the three primary sites in each of the 3
years of this study (Fig. 2), it was the disproportionate settlement events in 2001 and 2003 which
may have substantially impacted these communities.
In 2001, only Barnegat Inlet showed the massive
settlement event with densities exceeding 150,000
individuals m 2 (Fig. 2a). This settlement event was
then followed by a decrease in abundance until they
were no longer present in the system. This pattern of
initial high settlement, followed by significant
declines in density occurred for all sites and for
each year (Fig. 2). Additionally, there were spatial
differences seen in settlement patterns among sites in
different years with significantly greater settlement
occurring at Barnegat Inlet compared to other sites in
2001 ( Pb0.0001) and Barnegat Inlet and Shelter
Island showing significantly greater settling densities
than Marsh Elder in 2002 ( Pb0.01). Surprisingly,
however, no differences were seen in 2003 among
sites, due to the elevated settling densities seen at all
sites during this year (Fig. 2).
While filtering capacity for individual small
bivalves is minor (see Riisgård, 2001), when they
are coupled with tremendous densities, as seen in
these recruitment events (Fig. 2), this can lead to
substantial system filtering. Results from this study
indicate that in 2001, M. edulis at the Barnegat Inlet
site could filter a volume of water equivalent to the
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water column above them on a daily basis for more
than 53 days (Fig. 3a). Additionally, during May and
June, we calculated that M. edulis could have turned
over the water column two to three times a day, based
on an average site depth of 1.5 m. These results
occurred again in 2003, but maximum calculated
filtration potential was twice that seen in 2001 and
exceeded 15,000 l m 2 day 1 (Fig. 3a)! The duration
of this filtration potential at Barnegat Inlet was
substantially shorter in 2003 than 2001 (approximately 30 days vs. 53 days) and the precipitous
decline in density seen in 2003 may indicated
excessive intraspecific competitive interactions for
food resources (see Paulay et al., 1985). By comparison, Shelter Island filtration potential was initially
high for each year, but significantly declined as the
summer progressed (Fig. 3b). In 2001 and 2003, the
filtration potential of M. edulis exceeded the theoretical volume of water above the grass bed (maximum
depth 1.5 m) for the initial phase of the study.
However, filtration potential rapidly declined by July
of these years, and the filtration potential was far
below the projected maximum volume of water on the
site. For Marsh Elder, the site most distant from an
oceanic inlet, only in 2003 did a substantial number of
M. edulis individuals settle into the grass beds (Fig.
2c). The resultant filtration potential was greater than
previous years, but paled compared to the high
potential filtration rates calculated for Barnegat Inlet
and Shelter Island (Fig. 3). Regardless of site, the high
settlement of M. edulis in this system resulted in high
levels of filtration potential (Figs. 3 and 5). These
system-filtering capacities have often been attributed
to oysters (see Newell, 1988), but it is apparent that
M. edulis may filter significant volumes of water and
may contribute to Z. marina productivity (sensu
Reusch et al., 1994), as well as benthic–pelagic
interactions.
The settlement events of 2001 and 2003 may have
had a secondary structuring impact on the phytoplankton community. Brown-tide (Aureococcus anophagefferens) is now a common occurrence in New
Jersey (Gastrich, 2000, 2001, 2002, 2003) and other
coastal bays from New England through the MidAtlantic coast of the United States. In 2001, the
calculated high filtration rates of M. edulis at Barnegat
Inlet (Fig. 3a) may have been sufficient to limit the
large-scale development of a brown-tide on this site

(Gastrich, 2001). Mesocosm studies on the interactions between the hard clam and brown-tide have
shown that high densities of clams can reduce the
probability of a brown-tide bloom (Lonsdale et al.,
2002). The presumed mechanism is that the filtration
by the clams removes enough A. anophagefferens
from the water, hence a bloom cannot initiate. Results
by Lonsdale et al. (2002) suggest that a water turnover
rate by hard clams of approximately 30% per day is
sufficient to prevent the formation of a brown-tide
bloom in controlled mesocosms. The high filtration
rates of M. edulis seen in 2001 (Fig. 3a) would have
been sufficient to limit the development of a
phytoplankton (i.e., brown-tide) bloom (sensu Newell
et al., 2002) at Barnegat Inlet, and this appears to have
occurred (Gastrich, 2001). The lack of settlement and
filtration capacity seen in 2002 for all sites (Figs. 2
and 3) may have been a factor in allowing the
development of Category 2 and 3 brown-tide blooms
(sensu Gastrich and Wazniak, 2002) throughout
Barnegat Bay (Gastrich, 2002). The low mussel
population level would not have contributed to the
total system filtration and allowed the A. anophagefferens to reach bloom levels.
While the differences seen in 2001 and 2002 are
remarkable, it was the system-wide settlement of M.
edulis in 2003 that had the greatest potential impact on
the benthic–pelagic coupling in this system (Figs. 5 and
6). In 2003, three sites possessed filtration potentials
for total water column filtration in a single day (N1500 l
m 2 day 1). Based on the empirically derived 30%
filtration rates for hard clams at limiting the initial of
blooms (Lonsdale et al., 2002), our data suggest that an
additional three sites had filtration potentials, or water
column turnover rates, which would allow for a 30%
water column filtration per day (N500 l m 2 day 1; Fig.
5). Based on the data collected regarding chlorophyll a,
the significant negative relationship between filtration
potential and chlorophyll a suggests that these mussels
were significantly reducing the concentration of
phytoplankton within the system (Fig. 6). Consequently, it was the extent of this settlement event
throughout the bay which may have impeded the
development of any significant brown-tide blooms in
2003 (Gastrich, 2003). The significance of this finding
is that the timing of these settlement events occurs
during the initial bloom development of A. anophagefferens. As such, if settlement and filtration potential
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is substantial enough to filter the water column, then
they potentially can control the development of browntide blooms, although shortly after they settle, they are
greatly reduced in abundance by a variety of predators,
but they form an important benthic–pelagic link in this
community.
While environmental factors that are hypothesized
to be responsible for brown-tide blooms are currently
being investigated, studies that have shown significant
impacts of brown-tide blooms on shellfish and natural
resources (see Bricelj and Lonsdale, 1997; Gastrich
and Wazniak, 2002). Under bloom conditions, significant light reduction occurs and places a light stress
on submerged aquatic vegetation (Dennison et al.,
1989). In response, it appears that Z. marina may be
susceptible to infection by dwasting diseaseT (Bologna
et al., 2000, Bologna unpublished data). This disease
caused worldwide declines in Z. marina abundance
during the 1930s (den Hartog, 1987), and resurgence
of this disease may signal declines in water quality. In
addition, brown-tide bloom conditions and reduction
in feeding by filter feeders increase system turbidity
and light attenuation, thereby reducing the depth in
which seagrass can thrive (Lathrop et al., 2001).
In assessing the community-wide impacts of
benthic–pelagic coupling, a greater emphasis can be
placed on the subsequent interactions between filter
feeding organisms and higher trophic consumers. The
movement of juvenile sea stars into this community in
2001 and 2003 signified a major change in predator
abundance. Their densities exceeded 40 m 2 early in
the summer 2001 and remained above 15 m 2 even
into September (Fig. 5a). While densities were
considerably less in 2003, they still had peak densities
exceeding 26 m 2 (Fig. 5b). Sea stars were observed
feeding heavily on M. edulis, and sea star abundance
was significantly correlated with M. edulis coverage
on most dates (Tables 1 and 2). Robles and Desharnais
(2002) discussed the structuring forces in intertidal
zones and showed that large aggregations of the sea
star, Pisaster ochraceus, occurred near dense mussel
beds and that they immigrated into regions of high
mussel recruitment. Subsequently, these sea stars
consumed mussels and then dispersed back into the
community. Our results were similar. Sea stars
showed a clumped distribution, which had a maximal,
single observational density of 128 m 2 on July 13,
2001. During September, 2001, A. forbesii was still
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significantly correlated with M. edulis coverage
(Table 1), but it was also noted that A. forbesii were
cannibalistically feeding. Concentrations of healthy A.
forbesii were frequently observed feeding on injured
(b3 radial arms) A. forbesii (Bologna, personal
observation). This was most likely due to the
declining mussel densities (Fig. 3a) and potential
food limitation. Large aggregations of sea stars have
often been observed, and they frequently dictate the
density and distribution of M. edulis (see Seed and
Suchanek, 1992).
It is well recognized that seagrasses affect
predator–prey interactions. However, there are conflicting results as to how they may affect the
relationship. Some studies have shown that the
seagrass may be beneficial to certain predators. This
is most frequently seen for ambush predators (e.g.,
pipefish; Ryer, 1988; James and Heck, 1994), but
structure may benefit predators that are also at risk
from larger consumers (i.e., top-down effects). The
generalized response is that seagrasses provide
refuge by impeding predator success (see Heck and
Crowder, 1991). These results are a reflection of
studies conducted on visual predators, usually fish.
For tactile predators (e.g., sea stars, gastropods),
seagrass structure may impede them less. Bologna
and Heck (1999) showed that predation on bay
scallops, Argopecten irradians, did not differ
between interior seagrass beds and unvegetated
habitats, but predation was significantly greater at
the edge of the seagrass beds. This response was a
result of the relative abundance of gastropod
predators that rested in unvegetated regions and
foraged in the grass beds. As such, potential
encounter rates with prey mediated predation rates.
Sea stars would, in a similar fashion, not be impeded
by structure. Consequently, their predation rates
would be related to encounter with prey, especially
nonmotile species (Tables 1 and 2). While sea stars
were important mussel predators in this community,
other predators were frequently encountered in this
Z. marina habitat. Blue crabs (Callinectes sapidus),
rock crabs (Cancer irroratus), green crabs (Carcinus
maenas), and spider crabs (Libinia spp.) were
observed, but not quantitatively assessed due to their
mobility. However, major food resources for all these
predators includes bivalves, and each would benefit
greatly by the abundant settling mussels. Conse-
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quently, the identified benthic–pelagic coupling
within this community must be more widespread
than expressed in the data collected. Further elucidation of their trophic links and coupling them with
changes in phytoplankton species composition and
concentrations will take additional research.
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